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Dispatch
R1001waves from the posterior intestine.
Interestingly, even though RNAi
silencing of elo-2 suppresses
arrhythmic intestinal Ca2+ oscillations
in miR-786 mutant worms, it does
not suppress ectopic Ca2+ wave
initiation. Kemp et al. [4] suggest
that these results are consistent
with a model in which variation in
elo-2 expression along the intestine
determines whether an intestinal cell
functions as a pacemaker. elo-2
expression in wild-type worms is
lowest in posterior intestinal cells
due to suppression by miR-786. Loss
of miR-786 function leads to
increased elo-2 expression in the
posterior intestinal cells. These
cells thus no longer function as
pacemakers and Ca2+ waves instead
initiate ectopically.
How could low elo-2 expression
induce pacemaker activity? Calcium
spikes clearly occur in cells throughout
the intestine as demonstrated by
ectopic Ca2+ wave initiation in miR-786
mutants. It is the timing of the spikes
that determines the point of Ca2+
wave initiation. In wild-type worms,
Ca2+ spiking is more rapid in posterior
intestinal cells.
The TRPM channels GON-2 and
GTL-1 are part of the Ca2+ signaling
machinery in the intestine [16,17].
Patch clamp studies in cultured
intestinal cells have demonstrated
that the activity of these channels
oscillates and that they are
controlled by intracellular Ca2+ and
phosphatidylinositol 4,5-bisphosphate
(PIP2) levels, and by phospholipase
Cg, which hydrolyzes PIP2 to generate
IP3 [16–18]. Calcium entry through
GON-2 and GTL-1 contributes to the
overall cytoplasmic Ca2+ increase
during spiking and also likely
triggers Ca2+ release from the ER via
ITR-1. Given that GON-2 and GTL-1
are regulated by membrane lipids and
the activity of lipid-bound enzymes,
it is easy to envision how cell lipid
composition induced by differences
in elo-2 expression could impact the
timing of Ca2+ signaling events.
Much more work is needed to define
the specific role of ELO-2 in Ca2+
signaling. Nevertheless, the studies
of Kemp et al. [4] provide important
new insights into two fundamental
biological processes — oscillatory
Ca2+ signaling and biological
timekeeping. Their studies also raise
additional intriguing questions. If
miR-786 expression bestowspacemaker status on the posterior
intestine, what regulates the
expression of miR-786? In miR-786
mutants, what determines the site of
Ca2+ wave initiation? Is wave initiation
stochastic, or do other cellular factors
also regulate cellular pacemaker
activity? Do changes in fatty acid
metabolism induced by diet or the
presence of harmful microorganisms
play a physiologically important role in
regulating defecation cycle timing and
the force of associated muscle
contractions? As with innumerable
other fundamental biological problems,
C. elegans will teach us much more
about Ca2+ signaling, miRNAs and
biological rhythms.
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Make the Connection with CiliaDespite decades of research there are still basic aspects of planar cell polarity
that are not well understood. Recent work in mouse tracheal epithelial cells
links microtubules with both establishing asymmetry as well as responding to
this asymmetry to coordinate cellular orientation.Michael E. Werner
and Brian J. Mitchell*
The ability of cells to orient relative to
the axis of the tissue is a feature knownas planar cell polarity (PCP). Many of
the molecular mechanisms regulating
PCP are remarkably well conserved
throughout evolution [1]. In particular,
the asymmetric accumulation of PCP
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R1002components underlies cell polarity
in various tissues. In this issue of
Current Biology, Vladar et al. [2]
provide evidence that microtubules are
involved in both establishing the initial
asymmetry in PCP proteins as well as
interpreting these PCP signals to
polarize cellular organization
downstream of PCP protein
localization [2].
While asymmetric PCP protein
localization is similar in different cell
types, the downstream consequences
of this asymmetry can vary between
systems. While it is generally thought
that most epithelial cells exhibit planar
polarity, there are remarkably few cell
types that contain overtly polarized
structures useful for the study of PCP.
Much of what we know about PCP
signaling comes from studies of
Drosophila wing hairs. Individual cells
in the wing selectively localize different
components of the PCP pathway
to either proximal or distal cell
membranes to coordinate the
orientation of single actin-based
hairs [1]. While this system has been
instrumental for the identification
and characterization of the main
components of the PCP pathway,
it does not exhibit sufficient
complexity to study all aspects of PCP,
in particular downstream cellular
organization.
The directed beating of motile cilia in
multiciliated cells (MCCs) in the upper
respiratory tract, the ependyma or the
skin of Xenopus tadpoles has emerged
over the past few years as another
powerful system for the functional
analysis of PCP signaling [3]. These
MCCs interpret PCP signals not only to
coordinate cilia orientation between
cells (tissue polarity) but also to
coordinately polarize dozens of cilia
within a cell (rotational polarity) to beat
in a uniform orientation. This offers an
excellent opportunity to assess cellular
organization (rotational polarity)
distinct from cell polarity at the tissue
level. Vladar et al. [2] provide the most
comprehensive analysis of PCP
signaling in any vertebrate tissue, using
the polarity of cilia and the asymmetric
localization of multiple PCP
components in the murine respiratory
tract to analyze the role of the PCP
pathway in orienting MCCs. Of
particular interest is the ability to
assess and manipulate PCP in primary
cell culture of murine tracheal epithelial
cells (MTECs), which provides an
appealing model for studying cellpolarity outside the context of the
developing embryo, something that
has proven particularly challenging.
Using both the developing mouse
embryo and MTECs, Vladar et al. [2]
show that Frizzled (Fz)3 and Fz6 as well
as Dishevelled (Dvl)1 and Dvl3 but not
Dvl2 localize on the proximal side of the
cell, whereas Van Gogh Like (Vangl)1
and Vangl2 as well as Prickle (Pk)1 and
Pk2 localize on the distal side of the
cell. Importantly this localization
occurs prior to the establishment of
cilia polarity. The position of many of
these proteins relative to each other
recapitulates the localization of PCP
proteins in Drosophila, highlighting
the incredible conservation of this
subcellular localization pattern.
Interestingly, this work also illustrates
a novel aspect of cell specificity and
diversity in that Dvl2 and Pk2 appear to
have functions unique to the MCCs of
this tissue. Whereas Dvl1 and Dvl3 are
asymmetrically localized, Dvl2 fails to
localize at the cell cortex in MTECs, but
instead is found at the basal bodies.
This localization is consistent with the
situation in Xenopus MCCs where Dvl2
localizes asymmetrically at each basal
body [4], but is distinct from the
situation in mouse ependyma where
both Dvl1 and Dvl2 have been reported
to localize at the basal body [5,6].
Perhaps more interestingly, Pk2
localizes at the cell cortex of MCCs but
not of other cells of the lung (e.g. goblet
cells), and this localization appears to
be instructed by prior asymmetric
localization of Vangl2 and Frizzled.
What the cell-specific function of Pk2 in
MCCs might be remains unknown and
is certainly an interesting question for
future investigation.
While it is well established that PCP
proteins localize asymmetrically and
that this is essential for driving cell
polarity, the mechanisms that help
establish the initial asymmetry are
still poorly understood. Previous
work in Drosophila has shown that
microtubules are involved in the
asymmetric accumulation of Frizzled,
as a result of preferential vesicular
targeting of Frizzled along polarized
microtubules [7]. These experiments
relied on detailed quantification of
vesicular trafficking to observe the
slight directional bias required to set up
the Frizzled asymmetry. Similarly,
Vladar et al. [2] have observed
polarized microtubule arrays in
MCCs coinciding with polarized
redistribution of Vangl and Frizzled.Furthermore, polarized distribution
and membrane localization of PCP
proteins was perturbed, albeit not
completely abolished, when MCCs
were exposed to low doses of the
microtubule-depolymerizing agent
nocodazole (Figure 1). In contrast,
microtubule asymmetry was not
perturbed in PCP mutants. This
indicates that, similar to Drosophila,
polarized microtubule arrays are
involved in the initial distribution of
PCP proteins.
In addition to PCP signals, the
downstream polarization of cilia is
known to require dynamic modulation
of both actin and microtubules,
which form elaborate networks that
interconnect basal bodies via
appendages such as the basal foot and
the striated rootlet [8–10]. In particular,
microtubules attach to the basal foot
and link neighboring basal bodies.
How cytoskeletal rearrangements are
regulated and how this translates into
the establishment of both tissue-level
and rotational polarity has remained
a critical gap in our understanding of
cilia polarity. The most profound
aspect of the recent study by Vladar
et al. [2] is the observation that
a post-transcriptionally modified
stable form of microtubules,
containing tyrosylated tubulin, is
asymmetrically enriched [2].
Furthermore, they find microtubule
plus ends are enriched at the proximal
side of the cell, potentially linking basal
feet to the proximal membrane
(Figure 1). This asymmetry is lost in the
absence of functional PCP signaling,
suggesting that the asymmetric
accumulation of PCP proteins leads to
the asymmetric stabilization of
microtubules. Most notably, in mixed
MTEC cultures of wild-type and PCP
mutant cells, asymmetry of tyrosylated
microtubules is only observed on the
proximal side of MCCs that contacts
wild-type neighbors. These
experiments suggest that polarized
stabilization of microtubules is
achieved by non-cell-autonomous PCP
signaling. Consistent with these
observations, the authors find that
tissue-level polarity is defective in
hypomorphic Vangl mutants,
together suggesting that PCP signaling
instructs polarized stabilization of
microtubules to coordinate the
polarization of cilia between MCCs of
the entire tissue [2].
In Xenopus it has been suggested
that PCP signaling ‘biases’ the cilia,
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Figure 1. The various roles of microtubules in polarizing multiciliated cells.
The model for the three separate roles of microtubules in polarizing multiciliated cells is
shown, together with the evidence that supports this model. MTs, microtubules.
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R1003allowing them to initiate weakly
polarized beating [11,12]. This beating
then sets up a positive feedback loop
driven by hydrodynamic forces that
refines rotational polarity [12,13]. In the
mouse ependyma, this flow-driven
refinement is proposed to require
functional PCP signaling and in
particular Vangl2; however, direct
rotational polarity was not analyzed [5].
The current work addresses the
polarity of cilia in hypomorphic Vangl
mutants and finds that tissue polarity is
defective but that rotational polarity is
quite normal within a cell [2]. These
results would suggest that PCP
signaling is essential for establishing
tissue-level polarity but that local
hydrodynamic forces are still capable
of driving rotational polarity. Consistent
with the mechanistic separation of
these two processes, the loss of
functional cilia in cells lacking the
kinesin motor Kif3a or the ciliary
transport protein IFT88 does not affect
the proper asymmetric localization of
PCP components, suggesting that
tissue-level polarity is intact, even
though rotational polarity is disrupted
[2,5]. Further work will be required todetermine the relative contributions of
these processes.
In addition to establishing PCP
asymmetry and coordinating
tissue-level polarity, microtubules
connecting basal feet of neighboring
cilia have been shown to be involved
in the coordination of cilia within
a cell [10,14]. The destabilization of
microtubules in nascent Xenopus
MCCs via nocodazole treatment blocks
the establishment of rotational polarity
[10]. Consistent with this, the loss of the
centriole/basal body protein ODF2 in
mouse causes a loss of basal feet and
the associated microtubule network,
thereby leading to disorganized cilia
[14]. In mature MTECs with established
rotational polarity, Vladar et al. [2]
found that the addition of nocodazole
leads to disorganized cilia, suggesting
that microtubule interactions
between the basal bodies are also
involved in the maintenance of cilia
polarity [2]. Furthermore, they found
that cell-to-cell variation increased,
implying that microtubule stability is
also essential for the maintenance
of tissue-level polarity. The loss of
stabilized microtubule asymmetryin PCP mutants suggests that the
mechanistic link between the ability
of cilia to orient relative to each other
(rotational polarity) and the ability to
orient relative to the tissue requires
specific microtubule interactions with
the cortex that are regulated by PCP
proteins.
In summary, this paper proposes
a role for three distinct populations
of microtubules in promoting PCP
(Figure 1). Initially polarized
microtubule arrays help establish
asymmetry of PCP proteins by
facilitating delivery of these proteins
to the cell cortex. This asymmetry of
PCP proteins then feeds back to
stabilize microtubule plus ends at the
proximal membrane of MCCs to
connect basal feet to this side of the
cell in order to promote tissue-level
polarity. Finally, microtubules
connecting basal feet from neighboring
cilia are required for facilitating the
establishment and maintenance of
rotational polarity. It remains unclear
how microtubule arrays polarize prior
to localization of PCP proteins.
Furthermore, a direct molecular link
between PCP signaling and
microtubule stabilization remains
elusive. The search for molecular
regulators of these processes
promises to drive future research in
order to determine the molecular
interplay between the microtubule
cytoskeleton and PCP signaling.
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Back from NeverlandHost-plant specialization plays a key role in insect evolution, but little is known
about its molecular basis. A new paper shows that a cactus-feeding fly became
restricted to its host by changes in an enzyme that converts dietary sterols into
essential hormones.Artyom Kopp
Coevolution of flowering plants and
insect herbivores has been a major
force in the diversification of both
lineages. In particular, host-plant
specialization has profound ecological
and evolutionary consequences for
both the insects and the plants.
While the ecological drivers and
macroevolutionary effects of
specialization have been the subject
of extensive research [1,2], relatively
little is known about the molecular
mechanisms that lead to host plant
specificity. Obligate specialization
involves the evolution of new
adaptations as well as the loss of some
ancestral capabilities. Are these gains
and losses different sides of the same
coin, a consequence of the same
genetic changes? A recent paper by
Virginie Orgogozo and colleagues [3]
sheds new light on this question by
examining the molecular basis of host
plant specialization in Drosophila
pachea.
Their common name
notwithstanding, the Drosophila
‘fruit flies’ are often anything but
fruit-flies – different species use
food sources as diverse as flowers,
mushrooms, and tree sap [4]. However,
the larvae of all species require moist,
nutritious environments for their
development. In the parched deserts of
western Mexico and the American
Southwest, only the succulent cacti
provide a suitable substrate — but thisfood comes with its own challenges [5].
Two distinct groups of cacti grow in
this region, the paddle-like opuntias
(prickly pears) and columnar cacti
(Pachycereeae). Opuntias are relatively
benign — in fact, the young stems
of some species are delicious to
humans as well as flies (try some
huevos con nopales!). Columnar cacti,
on the other hand, are chemically
uninviting. Most of them contain
high concentrations of defensive
compounds, such as terpenes and
alkaloids [6]. But any defensive
adaptation inspires an offensive
counter-adaptation — ironically, the
cactus-feeding Drosophila inhabiting
the arid regions of Central and North
America represent one of the largest
adaptive radiations in the family
Drosophilidae [7]. Opuntias serve as
a stepping stone in the evolution of
the cactus-feeding lifestyle. Columnar
cactus specialists have evolved
independently several times from
Opuntia-feeding ancestors, while other
species are able to feed on both types
of cacti [7]. No group has switched
back from columnar cacti to Opuntia,
suggesting that this specialization is
a one-way street.
The harsh Sonoran desert is home
to only four Drosophila species, the
hardiest of the hardy. Two of them
(D. pachea and D. nigrospiracula)
are columnar cactus specialists,
while the other two (D. mettleri and
D. mojavensis) are generalists that can
switch between columnar cacti andopuntias [5,6]. These species are only
distantly related. Their closest relatives
inhabit more mesic, geographically
distant habitats and feed on different
plants, suggesting that all four species
infiltrated the Sonoran desert and
became adapted to its resident cacti
independently [5,7]. D. pachea has the
most specialized ecology of all, feeding
exclusively on the senita cactus
(Lophocereus schottii; Figure 1); at the
same time, it is the only Drosophila
species feeding on this cactus [5,6].
Senita is about as indigestible as
a cactus can get — 15–25% of its dry
weight is composed of alkaloids.
This compares to 1–3% in the saguaro
and cardon cacti that serve as the
sole food source for D. nigrospiracula
[6]. Senita is, therefore, toxic even to
most cactus-feeders, including
D. nigrospiracula and D. mojavensis;
only D. pachea and D. mettleri (which
feeds on cactus-soaked soil rather
than actual cactus tissues) can tolerate
alkaloid concentrations this high [8,9].
However, what made D. pachea an
obligate senita specialist is not
a unique ability but a unique
vulnerability. Drosophila cannot
synthesize sterols, the essential
precursors of the hormone ecdysone
that regulates insect development, and
must obtain sterols from their food [10].
In almost all insects, this dietary
requirement is satisfied by cholesterol.
Senita, however, does not produce
cholesterol [11]. The late Bill Heed, who
first developed the desert Drosophila
as an ecological model system [12],
showed that the reason why D. pachea
is restricted to senita as its sole host
plant is that it cannot utilize dietary
cholesterol and requires different
phytosterols that are only present in
senita [13]. Without these precursors,
D. pachea cannot complete
development and dies at the larval
stage.
